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Western mosquitofish (Gambusia affinis) are cosmopolitan in warmer climates and 
can serve as a host for a number of parasites. The gill monogeneans from this host are 
especially interesting because of the very low species diversity that has been reported in the 
literature. In the United States alone, only a single species, Salsuginus seculus, is reported 
from the gills of fish collected across the country. To assess the validity of a single species on 
the gills of G. affinis, fish were collected from 11 geographically-distant aquatic systems in 
Texas and surveyed for monogenean infections. The gill monogeneans were then subjected 
to morphological and molecular analyses. Preliminary analyses suggested that more than one 
species of monogenean may be infecting the gills of G. affinis in Texas. Morphologically, 
most of the monogeneans resemble S. seculus, but parasites from a few locations exhibited 
anatomical differences that did not conform to the description of S. seculus. They are smaller 
in overall size and differ in their opisthaptor, including the size of the hamuli and the length 
of the haptoral bars. Sequence analysis on these parasites was performed to determine if 
consistent patterns of genetic differences exist between specimens collected from the various 
locations. Based on analysis of a partial 28S rRNA gene region, sufficient support is lacking 
to distinguish these parasites as different species.  
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Journal of Parasitology 
 
INTRODUCTION 
Western mosquitofish, Gambusia affinis, are native to the southern United States and 
northern Mexico but are now globally distributed due to their use in mosquito control, with 
the earliest record of interstate transportation in 1905, from Texas to the state of Hawaii 
(Krumholz, 1948). Gambusia affinis has been the subject of many studies (Krumholz, 1948; 
Pyke, 2005; Lamatsch et al., 2015), but little is known about the monogenean species that 
infect them. 
The class Monogenea is a group within Platyhelminthes that parasitizes aquatic or 
semi-aquatic animals (Hoffman, 1999). Monogeneans are usually ectoparasitic, living on the 
surface of their host where they can feed on blood, mucus, and epithelium. Adults attach to 
their host by the prohaptor, a sucker modification at the anterior end, and by the opisthaptor, 
a modification of the posterior end that usually contains hooks. There has been a substantial 
amount of structural adaptation in the opisthaptor of these organisms; this variation is 
commonly utilized in the taxonomic identification of individual specimens (Hoffman, 1999). 
Most of the diversity exhibited in the opisthaptor is in its size, shape, and in the number of 
hooks it contains. Additionally, the diversity exhibited in these attachment structures reflects 
the host specificity present in this class of parasites. The survival of the worm depends on its 
effectiveness in attachment, which is ultimately determined by the structure and function of 
the opisthaptor (Hoffman, 1999).  
Monogeneans have a direct, one-host life cycle, thus the dispersal and spread into 
new aquatic systems of these parasites is highly dependent on their host. Furthermore, their 
spread to distant locations is inhibited by their limited dispersal ability, but these parasites 
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can expand their distribution by the movement of infected hosts. Aquatic systems vary in 
their abiotic conditions throughout the United States, and it is recognized that ectoparasites of 
fish are susceptible to abiotic fluctuations in their environment (Granath and Esch, 1983; 
Marcogliese and Esch, 1989). For ectoparasites of fish to become established in a new 
aquatic system, the survival of both the host and parasite is required. The range of 
environmental conditions to which monogeneans can adapt and the extent of their 
intraspecific morphological diversity is unclear. Thus, the regular identification of the same, 
minute gill monogeneans on fish from geographically and perhaps ecologically different 
locations is questionable. 
Salsuginus seculus (Mizelle and Arcadi, 1945; Murith and Beverley-Burton, 1985) is 
the common identification for the monogenean species found on the gills of the globally-
distributed mosquitofish. Incidentally, G. affinis is also the only known host for this species 
of monogenean (Hoffman, 1999). Specimens of S. seculus have been recorded from Texas, 
California, Louisiana, and the Bahama Islands (Hoffman, 1999); all were identified from the 
same host species, G. affinis The type locality of the western mosquitofish is in Texas from 
the Rio Medina and Rio Salado (near San Antonio, TX). This species also has a close 
relative, Gambusia holbrooki (the eastern mosquitofish), which is similar in appearance and 
behavior, but native to the southeastern United States (Robins et al., 1986; Pyke, 2005). Until 
1988, G. affinis and G. holbrooki were considered the same species (Pyke, 2005). The 
implications of this classification could explain why there is currently no literature describing 
the gill monogenean species that infect G. holbrooki, or why S. seculus has only been 
reported from G. affinis. Both species of Gambusia are found in Texas (Thomas et al., 2007), 
and both can hybridize with other members of the genus Gambusia (Pyke, 2005). As such, 
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correct identification of the host from which the monogenean is collected is important for 
determining the degree of host specificity for S. seculus. 
Molecular techniques are being increasingly utilized by parasitologists to confirm 
species identification. They are also being used to assess relationships within the groups of 
the phylum Platyhelminthes (McManus and Bowles, 1996). Ribosomal DNA sequences in 
particular have been used to examine the phylogeny of monogenean parasites (Chaudhary et 
al., 2014). Within the class Monogenea, molecular phylogenetic analysis of 18S and ITS1 
ribosomal genes was used to establish Dactylogyroides longicirrus as a species (Chiary et al., 
2013). The problems present in morphological taxonomy, i.e., phenotypic plasticity, have 
been observed throughout the animal kingdom (Pfennig et al., 2010). Therefore, there is great 
potential for a DNA-based identification system to improve the knowledge of the systematics 
of organisms, especially parasites (Chaudhary et al., 2014). 
The current identification of S. seculus based on morphology infers that they would 
possess a similar genetic sequence of conserved regions. However, the unique environmental 
conditions of the aquatic systems may influence the development of the parasite, such that 
genetically similar specimens may be morphologically different. Badets et al. (2009) 
discovered the development of two morphologically distinct phenotypes in the monogenean 
Polystoma gallieni depending on the host physiological stage to which the free-swimming 
larvae (oncomiracidia) attach. In contrast, morphologically similar parasites may be 
genetically distinct, thus suggesting different species (Pfenninger and Schwenk, 2007). For 
example, Hanelt et al. (2015) highlighted the genetic differences among morphologically-
identical members of a previously recognized, single species of freshwater nematomorphs 
based on the cytochrome c oxidase subunit I (COI) gene region. Their analysis identified 8 
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clades, each harboring a single distinct species. While the morphological identification of S. 
seculus from these distantly located parasites might in fact be true, DNA analyses may 
resolve the validity of the taxonomic assignment to a single species. 
The goal of this study was to investigate the validity of the species S. seculus found to 
infect mosquitofish from various aquatic systems in Texas. The first objective was to 
genetically confirm the identity of mosquitofish as G. affinis in all sampling locations. Then, 
morphological and molecular analyses was used to assess the identification of S. seculus 




Mosquitofish were collected from 11 aquatic systems across Texas (Table I) between 
the months of April and October 2015. The sites were selected to emphasize (1.) presence of 
fish and parasite, and (2.) geographic distance between sites. Aquatic system collection sites 
were from or around the following cities in Texas: San Angelo, Christoval, Knickerbocker, 
Comstock, Lubbock, Amarillo, Houston, Victoria, Ft. Worth, Sheffield, and San Antonio. 
Mosquitofish were collected using a dip net. 
 Female fish were necropsied to inspect for monogenean infection. For each fish, a 
small sample of muscle tissue was trimmed and preserved in 95% EtOH for DNA analysis. 
Gills were isolated and inspected under a dissection microscope for monogeneans, and if 
present, monogeneans were removed by light scraping of the gill filaments using fine insect 
pins. For molecular analysis, a few of the isolated monogeneans (identified to individual fish) 
were preserved in 95% EtOH, and the remaining monogeneans were prepared for 
morphological identification. In total, 114 parasite specimens were isolated from 114 host 
specimens for DNA analysis, and slides of monogeneans were made from hosts collected 
across all aquatic systems. 
Morphological identification of parasite 
Morphological identification of the monogeneans was performed by assessing 
conformity of their morphological features to the species description of S. seculus (Mizelle 
and Arcadi, 1945). Permanent mounts were prepared by isolating and staining the worms 
with Gomori Trichrome stain (Titford, 2009), followed by fixation of the parasite in Gray 
and Wess’ medium (Humason, 1979). The trichrome stain permitted viewing of the muscle 
and connective tissues, while the mounting media cleared the specimens so sclerotized 
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internal structures could be observed (Thatcher, 2006). Not all structures could be observed 
using permanent mounts, so an alternative method using live monogeneans was employed. 
Temporary wet mounts were utilized and attempts were made to record photos and videos of 
at least three adult monogeneans from each location. Videos and photos were taken with an 
Olympus DP27-CU microscope digital camera, and measurements were made with the 
camera control software on the standalone connection kit (DP2-SAL, Olympus Corporation). 
Subjective characters from the species description of S. seculus were omitted from the 
analysis. Thus only directly observable and measurable features were analyzed including 
body length, body width, eyespot number and description, pharynx diameter, haptor length, 
haptor diameter, ventral anchor length and width of base, dorsal anchor length and width of 
base, ventral bar length, dorsal bar length, number of haptoral hooks, and junction of haptor 
and peduncle. All measurements are given in µm and presented as a range. Moreover, the 
terminology used and characters measured are in accordance with the protocols of Murith 
and Beverley-Burton (1985). 
DNA analysis 
DNA from both host and parasite was sequenced to confirm species identification 
based on phylogenetic analysis. DNA was first extracted from 114 host and 114 parasite 
tissue samples using a Qiagen blood and tissue kit (Qiagen, Valencia, California). The host 
and parasite samples matched so that DNA was extracted from those hosts that provided the 
monogeneans that were ultimately sequenced. Sequence data for S. seculus is unavailable. As 
such, a total of 52 primer pairs were tested in an attempt to obtain both nuclear and 
mitochondrial sequences for the monogenean parasites (Tables II, III, and IV).  
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Table I: Collection sites listed by municipality and water system. The coordinates mark the 
center of the collecting location. The sample size is the number of mosquitofish (Gambusia) 




These primer pairs were selected from closely related genera. Seventeen of the tested primer 
pairs targeted COI and Cytochrome b (Cytb) mitochondrial regions, while the remaining 
primer pairs targeted nuclear ribosomal DNA regions 18S, ITS1, ITS2, and 28S. For the 
mosquitofish, 14 primer pairs were tested, targeting both mitochondrial and nuclear gene 
regions. 
Amplification of the extracted DNA was performed utilizing a Qiagen Taq PCR core 
kit (Qiagen, Valencia, California). The primer concentrations were 50µM. Target 
Collection Site Water 
System 
Abbreviation  Coordinates Sample 
size 
San Angelo Lake Nasworthy LN 31°23’18.1”N 
100°28’34.4”W 
11 
Knickerbocker Dove Creek DC 31°16’38.7”N 
100°37’45.5”W 
13 
Comstock Devils River DR 29°42’44.9”N 
101°01’11.8”W 
13 
San Antonio Medina River MR 29°47’34.6”N 
99°14’52.0”W 
13 
Christoval Anson Spring AS 31°08’06.0”N 
100°29’33.8”W 
11 
Lubbock Buffalo Springs Lake BS 33°31’51.0”N 
101°42’26.2”W 
10 
Victoria Spring Creek SC 28°50’30.8”N 
97°00’41.9”W 
11 
Houston Oyster Creek OC 29°35’20.6”N 
95°35’32.0”W 
11 





Sheffield Pecos River PR 30°39’38.7”N 
101°46’12.8”W 
7 




amplifications were performed under the following conditions except for the annealing 
temperature, which varied by primer pair (Tables IV): 3 min of 94°C, followed by 35 cycles 
of 94°C for 1 min, annealing temperature for 30 sec, and 1 min at 72°C. A final extension 
step at 72°C for 10 min completed the PCR reaction. Amplification of target DNA regions 
was assessed by running the PCR products on a 1% agarose gel and visualizing the bands 
with GelRed (Biotium, Hayward, California). PCR products were purified with a Qiagen 
PCR purification kit (Qiagen, Valencia, California) prior to sequencing.  
A small number of primer pairs generated amplicons suitable for sequencing. The 
amplicons for the monogeneans included the nuclear 28S ribosomal genes (with ITS2 
region). The PCR primers used to amplify the nuclear 28S ribosomal gene region for the 
monogenean specimens were: Neo28F1(2872) and D2(3395) (Table II and III). Two hyper-
variable mitochondrial regions COI and Cytb were successfully amplified for the 
mosquitofish, but because of constraints associated with cost, only the COI gene was used to 
confirm the identity of the host. The PCR primers used to amplify the mitochondrial 
cytochrome c oxidase gene region were: COI_GafF and COI_GafR (Table II and III). Sanger 
sequencing reactions were performed at the SeqWright Neogenomics center in Houston, TX.  
Phylogenetic analyses were conducted on 2 different datasets, 1 of the host and the 
other of the parasite. Outgroup taxa from GenBank were included in the alignment for 
comparative purposes and are shown with their accession number on the phylogeny. The host 
alignment was used in the analysis of Gambusia sp. to confirm the identity of the hosts as G. 
affinis. The parasite alignment was used to confirm the species of monogenean infecting the 
gills. All sequences will be submitted into GenBank.  
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Phylogenetic analyses were performed by generating individual phylogenetic trees of 
the selected gene regions for the parasites and hosts in MEGA version 7 (Stecher and 
Tamura, 2015). Sequences from the forward and reverse primers were aligned using 
MUSCLE (Edgar, 2004), and a consensus sequence was obtained for each specimen. The 
consensus sequences were then used in the phylogenetic analyses, which consisted of the 
MUSCLE method (Edgar, 2004) with default parameters for alignments followed by a model 
test to identify the best fit model for each group of alignments. Distantly related taxa were 
used as outgroup comparisons, thus indicating the polarity among the in-group. These taxa 
were selected by performing individual Blastn searches in MEGA7 of the Buffalo Springs 
Lake (BS) host 1 sequence for the host phylogeny and of the BS parasite 1 sequence for the 
parasite phylogeny. Outgroup taxa with low E values and high query coverage, max score, 
and max identity were selected. 
Analysis of the COI gene region dataset for the fish host involved 35 nucleotide 
sequences and 275 base pairs were analyzed for each sequence. The 35 nucleotide sequences 
were 25 specimen sequences from this study and the remaining sequences were downloaded 
from GenBank of 3 G. affinis, 5 G. holbrooki, 1 G. punctata and 1 G. yucatana. A maximum 
likelihood method (ML) based on the Kimura 2-parameter model was used to construct the 
phylogeny using a starting tree generated by the BioNK algorithm and the topology with 
superior log-likelihood value was selected. All positions with less than 95% site coverage 
were eliminated, only allowing fewer than 5% alignment gaps, missing data, and ambiguous 
bases at any of the positions. The bootstrap method was used with 1000 pseudoreplicates to 
estimate the reliability of this ML phylogeny.  
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Analysis of the 28S ribosomal gene region dataset for the monogenean parasites 
involved 39 nucleotide sequences and 778 base pairs were analyzed for each sequence. The 
39 nucleotide sequences were 36 specimen sequences from this study and the remaining 
sequences were downloaded from GenBank of 1 Haliotrema eukurodai, 1 Cichlidogyrus sp. 
and 1 Dactylogyridae sp, all which are genera within the order Dactylogyrida. Construction 
of the parasite phylogeny followed similar methods as those for the fish hosts. However, a 
maximum likelihood method based on the Kimura 2-parameter model was employed with the 
rate variation model that allowed some of the sites to be evolutionarily invariable ([+I]). All 
positions with less than 95% site coverage were eliminated.  
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Table II: List of forward primers from related genera of Gambusia (host) and Salsuginus 
(parasite) screened for use in this study. Annealing temperatures utilized in amplification of 




Specimen Region Forward Sequence Citation Name 
Parasite 18S partial TGGTTGATCCTGCCAGT Dang et al., 2010 18C(708) 
Parasite 18S partial GCAGTTAAAAAGCTCGTAGTTGG Dang et al., 2010 18SF1(573) 
Parasite 18S partial CGGGGAAAGTATGGTTGC Dang et al., 2010 18-ITSF1(1117) 
Parasite 18S partial GCTGCGTTCTTCATCGATACTCG Dang et al., 2010 H7(1369) 
Parasite 18S partial CGCGCAACTTACCCACTCTC  Cone et al., 2010  PBS18SF 
Parasite 18S partial TAGAGGAAGTACAAGTCG 
Garcia-Vasquez et al., 
2015 ITS1-fm 
Parasite 18S partial TTTCCGTAGGTGAACCT Zietara et al., 2002 ITS1 
Parasite 18S partial CTATTGGAGGGCAGTCT  Matejusova et al., 2001 V4F 
Parasite 
5.8S(partial)-
28S(partial) ACCCGCTGAATTTAAGCATA Dang et al., 2010 Neo28F1(2872) 
Parasite ITS2 CATCGGTCTCTCGAACG  Matejusova et al., 2001 ITS1A 
Parasite ITS1 GTAACAAGGTTTCCGTAGGTG  Matejusova et al., 2001 ITS4.5 
Parasite 
ITS1(partial),ITS2
(partial) GTTTCCGTAGGTGAACCT Zietara et al., 2008 ITS1F 
Parasite ITS2, 28S(partial) ACCCGCTGAATTTAAGCAT Dang et al., 2010 C1(2906) 
Parasite 28S ATAGATTTGTGCATGATATACCCAGTG Cunningham et al., 2000 ITSFR-  
Parasite COI TTGGATCATAAGCGCATYGGTAT Zietara et al., 2008 FCox6 
Parasite COI TAATWGGTGGKTTTGGTAA Plaisance et al., 2008 COI_Mono_5 
Parasite COI TAATWGGTGGKTTTGGTAA Plaisance et al., 2008 COI_Mono_5 
Parasite COI TGACACGCTTAGATGACATGAAG Shi et al., 2014 gCOIF 
Parasite COI TATTATTACCTTCAATGGTGTTAG  Zietara et al., 2008 GarcL 
Host 18S  CCTGCGGCTTAATTTGACTC Raut et al., 2010 Forward 18S 
Host Cyt b ATGGCCAACCTACGAAAAAC Vidal et al., 2010 CytBF1 
Host Cyt b TGACTTGAARAACCAYCGTTG Orell et al., 2002 
CytbGludgL 
(L15249) 
Host Cyt b 
CGAACGTTGATATGAAAAACCATCGT
TG Orell et al., 2002 
CytbUnvL(L15
242) 
Host Cyt b TGAYWTGAARAACCAYCGTTG Orell et al., 2002 
Cytb4xdgl(L14
249) 
Host Cyt b 
CGAAGCTTGATATGAAAAACCATCGT
TG Lydeard et al., 1995 L14724 
Host Cyt b GTGACTTGAAAAACCACCGTTG Davis et al., 2006 L15058 
Host COI TAATTGGTGCCCCCGACATG Lamatsch et al., 2015 COI_GafF 
Host 28S CCTGTTGAGCTTGACTCTAGTCTG  Wiley et al., 2010 28W 
Host 28S AGCCAATCCTTATCCCGAAGTTACG  Wiley et al., 2010 28MM 
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Table III: List of reverse primers from related genera of Gambusia (host) and Salsuginus 
(parasite) screened for use in this study. Annealing temperatures utilized in amplification of 




Specimen Region Reverse sequence Citation Name 
Parasite 18S partial GGTAGTAGCGACGGGCGGTGTG Dang et al., 2010 18G(1753) 
Parasite 18S partial GGTAGTAGCGACGGGCGGTGTG Dang et al., 2010 18G(1753) 
Parasite 18S partial GCTTCGATGTTGGGCTARTCTC Dang et al., 2010 28SR1(2984) 
Parasite 18S partial TGATTTGTCTGGTTTATTCCGAT Dang et al., 2010 L7(2451) 
Parasite 18S partial ATTCCATGCAAGACTTTTCAGGC  Cone et al., 2010  PBS18SR 
Parasite 18S partial CGCTYGAATCGAGGTCAGGAC 
Garcia-Vasquez et al., 
2015 ITS2-rm 
Parasite 18S partial GGTAATCACGCTTGAATC  Zietara et al., 2002 ITS2R 
Parasite 18S partial CTTTTCAGGCTTCAAGG  Matejusova et al., 2001 V4R 
Parasite 
5.8S(partial)-
28S(partial) TGGTCCGTGTTTCAAGAC Dang et al., 2010 D2(3395) 
Parasite ITS2 TCCTCCGCTTAGTGATA  Matejusova et al., 2001 ITSR3A 
Parasite ITS1 AGCCGAGTGATCCACC  Matejusova et al., 2001 ITS2 
Parasite 
ITS1(partial),ITS2
(partial) GGTAATCACGCTTGAATC Zietara et al., 2008 ITS2R 
Parasite ITS2, 28S(partial) TGGTCCGTGTTTCAAGAC Dang et al., 2010 D2(3395) 
Parasite 28S GAGACAAGCATATAACTACTGGCAGGA Cunningham et al., 2000 18SFR 
Parasite COI CATTTAATCATGATGCAAAAGG Zietara et al., 2008 16SR 
Parasite COI TAATGCATMGGAAAAAAACA Plaisance et al., 2008 COI_Mono_3 
Parasite COI ACATAATGAAARTGAGC  Plaisance et al., 2008 COI_Mono_int3 
Parasite COI ATGTCTACCCTAGAGCATGAAAGT Shi et al., 2014 gCOIR 
Parasite COI CATAATGAAAATGTGCTACCACAA  Zietara et al., 2008 GarcH 
Host 18S  AACTAAGAACGGCCATGCAC Raut et al., 2010 Reverse 18S 
Host Cyt b GGGTAGRACATAACCTACGAAG Vidal et al., 2010 CytBR1 
Host Cyt b CTCCAGTCTTCGRCTTACAAG  Orell et al., 2002 
CytbThrdgH(H1
6465) 
Host Cyt b ATCTTCGGTTTACAAGACCGGTG Orell et al., 2002 
CytbUnvH(H16
458) 
Host Cyt b TGRVNCTGAGCTACTASTGC Orell et al., 2002 
Cytb4xdgH(H1
6435) 
Host Cyt b 
AAACTGCAGCCCCTCAGAATGATATTT
GTCCTCA Lydeard et al., 1995 H15149 
Host Cyt b 
AAACTGCAGCCCCTCAGAATGATATTT
GTCCTCA Davis et al., 2006 H15149 
Host COI 
GGAGGACAGCTGTAATTAGGACTGCTC
AC Lamatsch et al., 2015 COI_GafR 
Host 28S 
GTGAATTCTGTTCACAATGATAGGAAG
AGCC  Wiley et al., 2010 28X 
Host 28S GTCTTGAAACACGGACCAAGGAGTCT  Wiley et al., 2010 28DD 
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Table IV: List of pairs of primers tested in the amplification process of Gambusia (host) or 
Salsuginus (parasite) with the annealing temperature (Tn) used. Sequences of the primers are 
found in Table II and III.  
  
Region Specimen Forward  Reverse  Tn 
Nuclear Parasite 18C(708) 18G(1753) 50 C 
Nuclear Parasite 18SF1(573) 18G(1753) 60 C 
Nuclear Parasite 18-ITSF1(1117) 28SR1(2984) 54 C 
Nuclear Parasite H7(1369) L7(2451) 60 C 
Nuclear Parasite PBS18SF PBS18SR 60 C 
Nuclear Parasite ITS1-fm ITS2-rm 50 C 
Nuclear Parasite ITS1 ITS2R 50 C 
Nuclear Parasite V4F V4R 50 C 
Nuclear Parasite Neo28F1(2872) D2(3395) 50 C 
Nuclear Parasite ITS1A ITSR3A 50 C 
Nuclear Parasite ITS4.5 ITS2 50 C 
Nuclear Parasite ITS1F ITS2R 50 C 
Nuclear Parasite C1(2906) D2(3395) 50 C 
Nuclear Parasite ITSFR-  18SFR 60 C 
Mitochondrial Parasite FCox6 16SR 50 C 
Mitochondrial Parasite COI_Mono_5 COI_Mono_3 50 C 
Mitochondrial Parasite COI_Mono_5 COI_Mono_int3 50 C 
Mitochondrial Parasite gCOIF gCOIR 60 C 
Mitochondrial Parasite GarcL GarcH 60 C 
Nuclear Parasite 18SF1(573) D2(3395) 50 C 
Nuclear Parasite 18SF1(573) 28SR1(2984) 50 C 
Nuclear Parasite 18SF1(573) L7 50 C 
Nuclear Parasite 18SF1(573) PBS18SR 50 C 
Nuclear Parasite 18SF1(573) 18SFR 50 C 
Nuclear Parasite 18SF1(573) ITS2-rm 50 C 
Nuclear Parasite 18SF1(573) ITS2R 50 C 
Nuclear Parasite 18SF1(573) ITS2 50 C 
Nuclear Parasite 18SF1(573) ITSR3A 50 C 
Nuclear Parasite 18SF1(573) V4R 50 C 
Nuclear Parasite 18C(708) D2(3395) 50 C 
Nuclear Parasite 18SF1(573) D2(3395) 50 C 
Nuclear Parasite H7(1369) D2(3395) 50 C 
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 continued.  
Region Specimen Forward  Reverse  Tn 
Nuclear Parasite PBS18SF D2(3395) 50 C 
Nuclear Parasite ITS1-fm D2(3395) 50 C 
Nuclear Parasite ITS4.5 D2(3395) 50 C 
Nuclear Parasite ITS1 D2(3395) 50 C 
Nuclear Parasite ITS1A D2(3395) 50 C 
Nuclear Parasite ITSFR D2(3395) 50 C 
Nuclear Parasite ITS1F D2(3395) 50 C 
Nuclear Parasite V4F D2(3395) 50 C 
Mitochondrial Parasite gCOIF GarcH 60 C 
Mitochondrial Parasite gCOIF 16SR 60 C 
Mitochondrial Parasite gCOIF COI_Mono_3 60 C 
Mitochondrial Parasite gCOIF COI_Mono_int3 60 C 
Mitochondrial Parasite FCOX6 GarcH 60 C 
Mitochondrial Parasite FCOX7 COI_Mono_3 60 C 
Mitochondrial Parasite FCOX8 COI_Mono_int3 60 C 
Mitochondrial Parasite FCOX9 gCOIR 60 C 
Mitochondrial Parasite COI_Mono_5 gCOIR 60 C 
Mitochondrial Parasite GarcL gCOIR 60 C 
Mitochondrial Parasite COI_Mono_5 16SR 50 C 
Mitochondrial Parasite GarcL 16SR 60 C 
Nuclear Host Forward 18S Reverse 18S 60 C 
Mitochondrial Host CytBF1 CytBR1 58 C 
Mitochondrial Host CytbGludgL (L15249) CytbThrdgH(H16465) 72 C 
Mitochondrial Host CytbUnvL(L15242) CytbUnvH(H16458) 58 C 
Mitochondrial Host Cytb4xdgl(L14249) Cytb4xdgH(H16435) 58 C 
Mitochondrial Host L14724 H15149 72 C 
Mitochondrial Host L15058 H15149 58 C 
Mitochondrial Host COI_GafF COI_GafR 58 C 
Nuclear Host 28W 28X 72 C 
Nuclear Host 28MM 28DD 72 C 
Nuclear Host Forward 18S 28X 60 C 
Nuclear Host Forward 18S 28DD 60 C 
Nuclear Host 28W Reverse 18S 60 C 





Morphological identification of parasite 
A total of 14 characters were directly observed or measured on the monogeneans 
(Table V). Morphological analyses of live specimens for Springs Creek (Victoria, TX) and 
Anson Springs (Christoval, TX) could not be performed due to the lack of infection on the 
host at the time of photo and video recording. Additionally, morphological analyses are 
lacking for live specimens of the Pecos River (Sheffield, TX) due to the mass death of fish 
hosts in the lab before these analyses could be performed. Differences were found in all 8 
locations in which morphological analyses were possible (Table V). Some of the 
measurements were larger and others were shorter than depicted in the species description of 
S. seculus (Mizelle and Arcadi, 1945). Moreover, the dorsal and ventral bars varied in size 
for some locations, which deviated from the species description.  
DNA analysis 
Identification of G. affinis as the host species for all 11 locations was confirmed by 
the COI marker using a maximum likelihood method based on the Kimura 2-parameter 
model. The tree with the highest log likelihood was selected (Fig. 1). The analysis involved 
33 nucleotide sequences, and in the final dataset, 275 base pairs were analyzed for each 
sequence. With 94% bootstrap support, the fish host samples of this study fall within a single 
clade, within this clade are also the 3 sequences of G. affinis downloaded from GenBank. 
The sequences were further analyzed by computing pairwise distances with a K2 parameter 
model in MEGA7. All fish host sequences of this study exhibited 99% genetic similarity 
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within the cluster of G. affinis individuals and a 97% genetic similarity was calculated for 
their closest relative in GenBank, G. holbrooki.  
For the monogeneans, sequence data for the partial 28S ribosomal gene was obtained 
for all 11 aquatic systems. A maximum likelihood phylogeny generated 100% bootstrap 
support for a single clade containing all the monogeneans from this study. The analysis 
involved 39 nucleotide sequences, and in the final dataset, 778 base positions were analyzed 
for each sequence. As such, all monogeneans appear to be the same species, S. seculus (Fig. 
2). The sequences were further analyzed by computing pairwise distances with a K2 
parameter model in MEGA7. All monogenean parasite sequences of this study exhibited 
98% genetic similarity. In comparison, Haliotrema eukuroda, exhibited a 71% genetic 
similarity, while the outgroup genus Cichlidogyrus sp., exhibited a 70% genetic similarity 
and the outgroup genus Dactylogyridae sp., shared a 69% genetic similarity with the 




*Eyespot number and description: if the anterior pair was melanistic then it is marked as “yes”. 
†Haptor, peduncle: If haptor and peducle had distinct separation then it is marked as “separate”. 
‡Bars length: if the ventral and dorsal transverse bars were approximately equal in length (<1µm in difference) then it is marked as “yes”. 
Table V: Characteristics analyzed and measurement ranges (in µm) calculated for the 
monogenean specimens, Salsuginus seculus (N=3 from each site). The first column of ranges 





































Feature                   
Body Length 243-353 152-227 170-223 181-183  217-234  215-227 210-338 162-303  280-288 
Body Width 65-108 58.1-84.3 57.8-85.2 57.3-60.2  60.9-75.0  61.3-73.9 51.5-76.0  3.70-6.76 6.42-8.8 
Eyespots* 4, Yes 4, Yes  >4 Yes 4, No 2-4, Yes   2, Yes  4->4, No 2, Yes >4, No 
Pharynx 
diameter 
20-36 14.0-16.0 14.3-18.5 14.7-15.3  16.1-22.7  16.4-20.0 14.7-17.5 14.2-18.4 16.4-20.0 
Haptor Length 34-52 27.4-31.) 26.0-43.3 23.0-29.65 28.1-43.2  32.1-42.4 29.6-33.0 25.1-32.0 22.4-36.6 
Haptor 
diameter 
52-77 53.0-67.6 48.5-79.1 52.3-58.8  57.9-73.7 60.6-73.1 55.6-65.2 46.4-70.0  58.1-62.2 
Haptor and 
peduncle† 
Joined Separate Separate Separate Separate Separate Separate Separate Separate 
Ventral anchor 
length 
18-22 16.4-21.5 18.2-20.0 20.9-21.1  17.4-17.5  17.1-18.7 18.2-19.2 17.4-23.0  16.0-21.1 
Ventral anchor 
width of base 




16-20 14.2-18.2 16.0-18.8 17.6-18.3 16.0-16.3   18.2-18.9 16.9-21.2 19.0-20.6  14.7-19.1 
Dorsal anchor 
width of base 
9-14 
  
 9.70-11.1 10.0-10.1 9.80-11.8 11.2-12.9   11.5-12.7 9.95-10.1  8.91-11.3 11.6-11.8 





20.0-24.4 20.8-22.8 22.8-23.3  28.3-28.9  22.6-23.8 23.2 19.6-21.3 
Dorsal bar 
length 
20-24 17.7-22.4 20.3-21.3 18.7-19.9 23.3-23.7   21.3-22.7 19.5-24.0 22.8 20.6-21.6 
# of Hooklets 14 12 Maybe 
>14 






Figure 1: Maximum likelihood phylogeny of specimens identified as Gambusia affinis, using 
the COI mitochondrial gene. Values on branches are the percentage of trees from bootstrap 
analysis in which the associated taxa clustered together. The Kimura 2-parameter maximum 
likelihood model (Kimura, 1980) was used. The tree with the highest log likelihood (-587.1729) 
is shown and drawn to scale, with branch lengths measured in the number of substitutions per 
site. The abbreviations are representative of the varied aquatic system from which the host and 




Figure 2: Maximum likelihood phylogeny of specimens identified as Salsuginus seculus using 
the 28S ribosomal gene. Values on branches are the percentage of trees from bootstrap analysis 
in which the associated taxa clustered together. The Kimura 2-parameter maximum likelihood 
model (Kimura, 1980) was used, which allowed for some sites to be evolutionarily invariable 
([+I], 30.4627% sites). The tree with the highest log likelihood (-2648.8019) is shown and 
drawn to scale, with branch lengths measured in the number of substitutions per site. The 
abbreviations are representative of the varied aquatic system from which the host and parasite 




The goal of this study was to determine whether the monogeneans collected from 
geographically-distant aquatic systems conformed to the morphological species description 
of S. seculus (Mizelle and Arcadi, 1945). This description included a statement that the 
parasite infected G. affinis.  By utilizing molecular data, G. affinis was confirmed as the host 
species in this study (Fig. 1). The morphological variation observed in the monogeneans, 
therefore, cannot be attributed to infection on more than one host species. In general, the 
monogeneans did conform to the morphological description of the genus Salsuginus in that 
they were found on freshwater fish and possessed four anchors, a haptor with 2 transverse 
bars, a curved, tubular cirrus with inflated base, and a variable accessory piece not articulated 
basally (Hoffman, 1999). Yet, specimens from some locations deviated from the species 
description. Notable differences include the number of hooklets present on the haptor, 
number and melanization of the eyespots, and length of both the ventral and dorsal anchors. 
Length among the ventral and dorsal transverse bars also varied from the expectation that 
they be approximately equal in length (Table V). These morphological differences represent 
more variation than described by Mizelle and Arcadi (1945) for S. seculus.  
Species should exhibit genetic divergence from other species (Pfennig et al., 2010). 
Specifically, phylogenetic analysis of the partial 28S ribosomal gene region should reveal the 
presence of more than one clade if the molecular data matches the morphological data.  
However, the data generated a single clade with 100% bootstrap support. Thus, the sequence 
data suggest the monogeneans are the same species. Comparisons among the sequences 
further support the existence of a single species, with a 98-99% genetic similarity among the 
monogeneans of this study. Comparatively, the outgroup taxa clustered into a single clade 
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with a 69-71 % genetic similarity to its sister clade, the monogeneans from this study. 
Alternatively, the 28S gene region may be too conserved in identifying various species 
within Salsuginus as is the case for several other organisms within the animal kingdom. A 
more variable region, such as the nuclear 18S or ITS1 region (Chiary et al., 2013), or 
mitochondrial COI may be required to better understand the taxonomic classification of 
phenotypically plastic species.  
The monogeneans collected from the various locations in Texas appear 
morphologically variable but are genetically similar. This morphological variation could 
arise from several sources, the first of which is specimen preparation. The species description 
of S. seculus was based on examination of 20 specimens fixed in glycerine jelly (Mizelle and 
Arcadi, 1945). The methods of slide preparation were very detailed and specifically stated 
great care be taken to avoid altering the specimens by excessive cover-slip pressure (Mizelle 
and Arcadi, 1945). Overall size and shape of the worm may be altered if the coverslip is too 
large or heavy. For example, worms under a coverslip may be flattened and produce larger 
measurements of length and width than specimens measured without coverslip pressure. 
Additionally, measurements could vary based on the fixative and mounting medium (Murith 
and Beverly-Burton, 1985). While methodology of specimen preparation varied in this study 
compared to Mizelle and Arcadi (1945), the variation in technique should not alter the shape, 
size, or number of the sclerotized structures. This has led to Salsuginus sp. systematics 
relying heavily on sizes of hamuli and shape of the accessory piece (Mizelle and Arcadi, 
1945; Murith and Beverley-Burton, 1985). As such, morphological differences, especially in 
the lengths of the dorsal and ventral bars, would support >1 monogenean species on the gills 
of G. affinis.  
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The problems present in morphological taxonomy have been observed previously in 
Monogenea. For example, morphometric analysis identified 2 morphotypes of S. bermudae 
infecting both Fundulus bermudae and G. affinis in Bermuda (Rand and Wiles, 1987). Each 
morphotype was specific to the lake from which the fish were collected and differed in the 
shape of the sclerotized copulatory apparatus and accessory piece. The authors suggested that 
hydrological differences between the lakes possibly contributed to the variation in the 
morphotypes (Rand and Wiles, 1987). Morphological variation also has been observed in 
several other studies of Salsuginus sp. (Murith and Beverley-Burton, 1985; Janovy et al., 
1989; Ferdig et al., 1993; Mendoza-Franco and Vidal-Martinez, 2001). Thus, phenotypic 
plasticity may obfuscate species identification based only on morphological characters.  
Phenotypic plasticity in other species of the Monogenea has also been previously 
reported. For example, a molecularly confirmed species of Ligophorus exhibits variation in 
shape and size of haptoral anchors attributable to genetic variation, ontogenetic change, and 
plastic responses to environmental factors (Rodriguez-Gonzalez et al., 2015).  
This study generated the first genetic sequences of S. seculus and provided molecular 
support for a single species of monogenean on the gills of G. affinis from 11 locations in 
Texas. Like other species within the genus, S. seculus exhibits morphological variation, and 
this study demonstrates more variability than initially reported by Mizelle and Arcadi (1945). 
The underlying cause of the phenotypic plasticity is unclear, but it may be due to 
environmental variation of the aquatic systems (Perry and Laurent, 1993). This 
environmental variability, either directly or indirectly (via effects on the host), could 
ultimately stimulate specific morphological adaptations of the parasite to optimize 
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